Bismuth telluride nanowires are of interest for thermoelectric applications because of the predicted enhancement in the thermoelectric figure-of-merit in nanowire structures. In this letter, we carried out temperature-dependent thermal diffusivity characterization of a 40 nm diameter Bi 2 Te 3 nanowires/alumina nanocomposite. Measured thermal diffusivity of the composite decreases from 9.2ϫ 10 −7 m 2 s −1 at 150 K to 6.9ϫ 10 −7 m 2 s −1 at 300 K and is lower than thermal diffusivity of unfilled alumina templates. Effective medium calculations indicate that the thermal conductivity along nanowires axis is at least an order of magnitude lower than thermal conductivity of the bulk bismuth telluride. Recent developments in nanostructured thermoelectric materials show that highly efficient thermoelectric energy conversion could be forthcoming.
Bismuth telluride nanowires are of interest for thermoelectric applications because of the predicted enhancement in the thermoelectric figure-of-merit in nanowire structures. In this letter, we carried out temperature-dependent thermal diffusivity characterization of a 40 nm diameter Bi 2 Te 3 nanowires/alumina nanocomposite. Measured thermal diffusivity of the composite decreases from 9.2ϫ 10 −7 m 2 s −1 at 150 K to 6.9ϫ 10 −7 m 2 s −1 at 300 K and is lower than thermal diffusivity of unfilled alumina templates. Effective medium calculations indicate that the thermal conductivity along nanowires axis is at least an order of magnitude lower than thermal conductivity of the bulk bismuth telluride. Recent developments in nanostructured thermoelectric materials show that highly efficient thermoelectric energy conversion could be forthcoming. 1 Among emerging nanostructures, thermoelectric nanowires receive considerable attention from researchers. [2] [3] [4] [5] Bismuth telluride ͑Bi 2 Te 3 ͒ nanowires are particularly interesting because bulk Bi 2 Te 3 is the most efficient of materials used in thermoelectric applications near room temperature. They are also appealing for device applications because can be fabricated inexpensively through electrochemical deposition in nanochanneled alumina templates. [6] [7] [8] [9] The templates are also perceived to serve as structural support for the fragile nanowires. 10 However, heat leakage through the anodic alumina layer may affect the overall thermoelectric efficiency. Knowledge of the thermal transport in Bi 2 Te 3 nanowires/alumina nanocomposite is essential for device applications. The thermal properties of the nanocomposite can be also used to gain insight into the thermal properties of embedded nanowires. Thermal conductivity measurements using the 3 method 11, 12 have been reported for Si nanowires embedded in a polymer matrix. 13 This letter reports experimental thermal properties of a 40 nm Bi 2 Te 3 nanowires/alumina nanocomposite over the temperature range between 150 K and 300 K. The nanocomposite consists of porous anodic alumina of 30% porosity with highly ordered parallel cylindrical pores of 40 nm diameter filled with Bi 2 Te 3 in proportion better than 95% through electrodeposition. Temperature-dependent thermal diffusivity characterization was carried out with a photothermoelectric technique, described briefly in the following section. The magnitude of the thermal conductivity reduction in 40 nm Bi 2 Te 3 nanowires in the direction parallel to the wire axis is assessed from the measured thermal diffusivity using an effective medium model.
Temperature-dependent thermal diffusivity characterization of a 40 nm Bi 2 Te 3 alumina nanocomposite has been carried out with a photothermoelectric technique. 14, 15 The experimental setup is schematically represented in Fig. 1 . In this method ac optical heating was applied to the front side of the sample and the temperature rise was detected at the a)
Author to whom correspondence should be addressed; electronic mail: gchen2@mit.edu backside. The ac heating on the front side was produced by a modulated IR laser beam with a diameter of ϳ0.75 mm. The specimen thickness was 64 m. A thermocouple junction was formed between the backside of the sample and the tip of a constantan wire with a diameter of 12.5 m. Since the surface was nonconductive (the sample was polished to remove excess Bi 2 Te 3 prior to the experiment), a 50 nm gold layer was sputtered on the backside of the specimen to facilitate the temperature measurement. The amplitude and phase of the voltage generated by the thermocouple junction were measured using a lock-in amplifier.
The experimental data were initially fitted with a onedimensional heat conduction model because the beam diameter was much larger than the sample thickness and it was assumed that the heat transfer occurred mainly across the specimen with very little spreading in the parallel direction. We also tried a two-dimensional anisotropic heat conduction model in cylindrical coordinates and we found that the fitted thermal diffusivity increased by 6%, hence these values are reported here. In the two-dimensional heat conduction model the heat capacity of the specimen was estimated from effective medium theory, based on the heat capacity of alumina templates 16 and the specific heat 17 and density 18 of Bi 2 Te 3 . The anisotropy of the thermal conductivity of the specimen was estimated from Maxwell's theory 19 for the limiting cases when Bi 2 Te 3 nanowires have negligible thermal conductivity (anisotropy ϳ0.76) or the same thermal conductivity as bulk Bi 2 Te 3 20 (anisotropy ϳ1). The uncertainty in reported thermal diffusivity is ϳ9% and it comes from uncertainty in sample thickness, which is ϳ4%. Figure 2 shows an example of the experimental temperature amplitude and phase, as compared with predictions using fitted values for thermal diffusivity. The fitting was carried out only for the phase of the thermal signal. Figure 3 shows the temperature dependent thermal diffusivity of the nanocomposite. The thermal diffusivity measured along the wires axis decreases from 9.2ϫ 10 −7 m 2 s −1 at 150 K to 6.9 ϫ 10 −7 m 2 s −1 at 300 K. The room temperature thermal diffusivity is the same as reported elsewhere on a similar specimen. 21 The measured thermal diffusivity of the nanocomposite is lower than the thermal diffusivity of unfilled alumina templates. In order to assess the thermal conductivity reduction of the embedded BiTe nanowires, the experimental data are compared against predictions based on the effective medium theory. In this model, the thermal diffusivity ͑␣͒ of the Bi 2 Te 3 / alumina nanocomposite along the nanowire axis is calculated as:
where k and ͑c͒ represent the thermal conductivity and heat capacity of alumina and Bi 2 Te 3 , respectively, and is the percentage of Bi 2 Te 3 in the composite. Assuming the nanowire properties are the same as those of bulk Bi 2 Te 3 , the calculated values significantly overpredict the results. If the nanowires have thermal conductivity at least an order of magnitude smaller than the bulk, the predicted values are close to the measured thermal diffusivity, within the upper limit of experimental errors. However predictions of Eq. (1) fit better the measured values if the thermal conductivity of Bi 2 Te 3 nanowires is reduced 30 times or more. An order of magnitude reduction in thermal conductivity was reported for individual 391 nm Bi 2 Te 3 nanowires grown by the same electrodeposition method. 22 However the diameter of the nanowires in the nanocomposite measured in the present study is ten times smaller and a larger thermal conductivity reduction is expected in these wires because of stronger size effects on heat carriers. Despite the estimated large thermal conductivity reduction in Bi 2 Te 3 nanowires we should point out that the good thermal properties of alumina template and the large uncertainties in the thermal diffusivity values of the nanowire-filled template make an exact determination of the thermal conductivity value of the nanowires impraticable.
In summary, we have measured the temperaturedependent thermal diffusivity of a 40 nm Bi 2 Te 3 / alumina nanocomposite. The alumina templates of 30% porosity and 40 nm diameter parallel pores have been filled with Bi 2 Te 3 through electrochemical deposition. The measured thermal diffusivity of the nanocomposite decreases from 9.2 ϫ 10 −7 m 2 s −1 at 150 K to 6.9ϫ 10 −7 m 2 s −1 at 300 K. These values are lower than the thermal diffusivity of unfilled alumina templates and indicate that thermal conductivity of Bi 2 Te 3 nanowires is reduced at least an order of magnitude from the bulk value. This suggests that the thermal conductivity reduction in nanowires can be exploited for enhancing the thermoelectric figure of merit. However, the fact that the thermal conductivity of the templates overwhelms that of the composites also points out the need to develop alternative templates.
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